A modified tuning element for a Littrow external cavity laser is demonstrated using microelectromechanical systems technology. The device combines a vertically etched blazed grating, a compound flexure suspension and drive elements for translating and rotating the grating. Tuning is linearized by linking the grating to a remote actuator by a flexible linkage. A simple theoretical model of the linkage is presented. Devices with electrostatic and electrothermal drives are both demonstrated by deep reactive etching of bonded silicon on insulator, and used to construct electrically tunable lasers. Prototypes show improved electromechanical characteristics and tuning over a range of 8 nm is demonstrated.
Introduction
Microelectromechanical system (MEMS) technology offers a simple method of integrating optical components with actuators, and is increasingly being used in mechanically tuned external cavity lasers. For example, electrostatically tuned vertical cavity surface-emitting lasers have been demonstrated as layered structures [1] [2] [3] , and Fabry-Perot lasers have been constructed from stripe guide lasers, using single-crystal Si [4] , metal [5] and 3D poly-silicon [6] mirrors. External cavity lasers with frequency selective feedback elements offer a potentially wider tuning range, together with a higher sidemode suppression ratio. In a Littrow cavity [7] , a blazed grating acts as the tuning element. For mode-hop free tuning, simple theory suggests that the grating should rotate about a carefully chosen pivot [8, 9] . The theory has been extended to include additional effects such as the phase shift of the grating during rotation [10] and short cavity lengths [11] , and it has been shown that the tuning range achievable with a fixed pivot is limited. Miniature, synchronously tunable Littrow cavity lasers have been demonstrated with fixed [12] 1 Author to whom any correspondence should be addressed. and piezoelectrically tunable [13, 14] gratings. MEMS tunable lasers in the alternative Littman configuration [15] have also been demonstrated [16] . However, these devices all used conventional gratings.
Recently, we showed that high-order blazed gratings etched vertically into silicon are reflective and selective enough for use in external cavity lasers [17] . We also showed that such a grating may be independently rotated and translated by mounting it on a compound flexure based on a cantilever in series with a portal frame, as shown in figure 1(a) [18] . An electrostatically tunable Littrow cavity laser with a more conventional rotary MEMS actuator has also been demonstrated, and shown to have excellent performance [19] [20] [21] .
Because the portal allows only linear displacement, application of a point load at A simply translates the grating. The cantilever allows both translation and rotation, so application of a load at B rotates the grating about a remote point. Electrostatic comb drives can conveniently provide the loads. A Littrow cavity laser may be constructed from a semiconductor optical amplifier, a lens, and a MEMS tuning element, with the output taken from a lensed fibre as shown in figure 1(b). The optimum pivot lies at the intersection of the grating tangent and a line perpendicular to the cavity axis at a distance L c from the grating. Here, L c is the optical length of the cavity, and may be significantly different from L c , the physical length. The pivot radius R provided by the flexure depends on the elastic elements. For a simple cantilever of length L, the pivot is L/3 from the root. For a compound flexure as shown here, with beams of equal cross-sections, the pivot may be located exactly at the root, if the lengths L 1 and L 2 of the portal and cantilever satisfy L 1 = 3.62L 2 [18] .
Prototypes have been fabricated by deep reactive ion etching of bonded silicon on insulator (BSOI), using methods developed for switches [22] , and used in tunable external cavity lasers. However, although the pivot was located correctly, it moved as the grating rotated, causing mode hopping. The explanation is instability in the rotation actuator. As the grating rotates, the moving fingers are drawn towards the fixed ones. However, they are also displaced laterally, unbalancing the forces attracting them to their neighbours. This effect creates an additional torque, which rotates the grating further, reducing the pivot radius. For large angles, the fingers snap together.
In this paper, we describe an improved tuning element, which allows larger rotation angles to be achieved with a constant pivot radius. The design combines a blazed grating, flexure and rotation-stabilized actuator, and is introduced in section 2. Electromechanical and optical measurements confirming improved performance are given in section 3, for both electrostatic and electrothermal devices, and conclusions are presented in section 4. 
Design and modelling
In this section, we introduce the improved tuning elements, and derive a theoretical model of the suspension. Figure 2 (a) shows the revised layout. The cantilever is now driven indirectly by a comb-drive mounted on a folded flexure [23] , which acts as a straight-line motion and prevents lateral displacement of the moving electrode. The cantilever is linked to the actuator by a further flexure, which is long and thin compared with the main suspension and so acts as a tension element. Figure 2 (b) shows an alternative layout based on a buckling mode electrothermal actuator [24] . Electrical heating raises the temperature of the beams, which then expand. However, being constrained at their roots, they buckle laterally. If the beams have a high aspect ratio, and an initial central offset, the result is in-plane motion in a preferred direction. The motion is continuous (unlike a straight beam, which buckles at a critical axial load). Of course, electrothermal actuators consume power continually, and the local rise in temperature may give rise to mode hopping. However, these disadvantages are offset by the simpler geometry, which allows the structure be etched to a greater depth. The elastic suspension may be modelled with simple beam bending theory. Figure 3 (a) shows simplified models for the main suspension components in elements with both direct and indirect drives. In the former case, an actuation force F is applied directly to the compound suspension. In the latter, it is applied by a flexible link, whose free end is constrained against rotation. For the direct drive device, the linear and angular deflections and θ at the cantilever tip caused by a transverse load F are [25] 
Here
is the linear stiffness of the portal against a transverse load, 
Previously, it was shown that R may be adjusted using the ratio L 1 /L 2 , and that [18] . In the indirectly driven device, the flexure linkage modifies the suspension stiffness. As the cantilever tip rotates, the link bar must bend, so there will be a moment M acting on each component. The linear and angular deflections at the tip are
is the linear stiffness of the cantilever against an end moment, and k AC = E I 2 /L 2 is the similar angular stiffness of the cantilever. M is found from a compatibility condition, namely that the tip of the link bar must also rotate by θ to preserve a right angle at the joint. Thus, we must have
Here k ALB = 4E I 3 /L 3 is the angular stiffness of the link bar against an end moment, when constrained against lateral displacement (effectively, by a roller), and I 3 is its second moment. Equations (3) and (4) may be used to eliminate M, so the end displacements can be found in terms of F only. The modified pivot radius R = /θ may then be found as
Equation (5) shows how the link bar modifies the pivot radius. R is always great than R, but tends to R as k ALB tends to zero. To minimize the difference, we require L 3 L 2 , and I 3 I 2 , so the link bar should be long and slender. Figure 3 (b) shows the variation of the pivot radius with L 3 , assuming that L 1 = 1.81 mm, L 2 = 0.5 mm (so R = 2.31 mm), and assuming 8 µm wide beams in the main suspension (so w 1 = w 2 ) and different widths w 3 for the link bar. As L 3 increases, R tends to R, and this tendency is accelerated as w 3 decreases.
Fabrication and experimental characterization
In this section, we describe fabrication and evaluation of prototypes. Devices were fabricated using 4 diameter (100) BSOI, with an 85 µm bonded layer and a 2 µm oxide interlayer. The bonded layer was patterned by deep reactive ion etching in an inductively coupled etcher. The oxide interlayer was removed from beneath movable parts using buffered HF, and the wafer was then freeze dried and sputter coated with Cr/Au. Figure 4(a) shows the main drive and its suspension, with the link bar at the lower centre. The width of the flexures here is 5 µm. The electrode has finger widths and gaps of 5 and 7 µm, respectively, a finger length of 60 µm and a static overlap of 10 µm, and is designed for 50 µm travel. The quality of the electromechanical parts is high; however, the components are less suitable for optical applications. Transfer of blazed patterns is difficult at large etch depths, and previously we have only been able to form gratings of sufficient quality with high order. Figure 4 (b) shows a 12th order grating for operation at 45
• incidence and 1.5 µm wavelength. Gradual degradation of the profile with depth may be seen, due to residual isotropy in the etching. However, increased anisotropy tends to give rise to 'grass'.
Devices with the layouts of figures 2(a) and (b) were formed on the same wafer. grating is 350 µm long, and carries a mirror at either end to allow interferometric measurement.
Devices were characterized by measuring the separate displacements 1 and 2 of mirrors 1 and 2, with a voltage V A applied to the main drive. The movable parts and the substrate were grounded. The average grating displacement was then found as = { 2 + 1 }/2, and the turn angle as θ = { 2 − 1 }/S, where S is the mirror separation. Finally, the pivot radius R was found as R = /θ . Mirror displacements were measured interferometrically [18] . Broad band light centred on λ = 1535 nm from an Agilent 83438A erbium amplified spontaneous emission source was coupled into port 1 of a 3 dB single-mode fibre coupler. Port 4 was used as a probe, and placed near each mirror in turn so that a FabryPerot cavity was set up with the cleaved fibre end. Reflected light was measured from port 2 with an Agilent 86140B optical spectrum analyser (OSA), and changes in the resonance peaks were used to find the mirror displacement. Figure 6(a) shows the variation of pivot radius R with angle θ for this device, and for the simpler actuator in [18] . The data are plotted as the apparent pivot radius divided by the design value. The improved device has an approximately constant R. In contrast, the un-stabilized device shows a steady reduction in R with θ . This behaviour confirms the aim of the design modification. However, there is still scatter in the data, attributed to interaction between the moving electrode and the substrate. The alternative electrothermal design was also characterized. The variation of turn angle with drive power was highly linear, and a turn angle of ≈0.3
• was achieved with ≈150 mW power. Figure 6(b) shows the variation of pivot radius with angle for this device; an essentially constant pivot radius is obtained once again.
Electrostatically tunable lasers were constructed using a 1.523 µm wavelength InGaAsP semiconductor optical amplifier (LCSH1550-TAP, from OptoSpeed). Light from the antireflection (AR) coated facet was collimated by a 0.5 mm diameter ball lens. Emission from the HR facet was coupled into an AR-coated lensed single-mode fibre with a 9 µm tip radius, which was connected to the OSA. Lasers were constructed with the grating at 45
• incidence. The tuning element, lens, SOA and lensed fibre were held on separate manipulators and aligned as follows. First, the SOA was placed near the lensed fibre, power was applied, and its position adjusted to maximize the coupled spontaneous emission. Second, the lens was placed behind the SOA, and its position adjusted to optimize beam collimation as viewed using a Hamamatsu IR video camera. Third, the tuning element was placed behind the lens, and raised so that it just obscured the beam. At this point, lasing was normally obtained. The components were then adjusted to maximize the coupled power.
Because the collimated beam was large (≈250 µm diameter) compared with the shallow grating, low optical feedback was obtained and the beam tended to strike the substrate. Furthermore, the small number of illuminated periods gave a weakly dispersive filter. Consequently, the lasing threshold was relatively high (15 mA) and multimode operation was obtained at relatively low output powers. Figure 7 (a) shows a typical emission spectrum at 35 mA, which has a fibre-coupled output power of −10 dB m (100 µW) and a sidemode suppression ratio of 20 dB. Up to 1 mW has been obtained in the multimode regime. Figure 7 (b) shows a typical variation of emission wavelength with voltage squared. Here, the grating has been rotated slightly, so wavelengths are longer than in figure 7(a). Over 8 nm spectral range is demonstrated, and the tuning is quasilinear. However, performance is still limited by mode hopping due to the unstable mechanical arrangement of the separate multi-axis alignment stages used to position the ball lens SOA and the tuning element, and further work is required to improve stability. Additional mode hopping may arise from poor cooling of the SOA.
Several obvious improvements may be made to the optical design. First, etched mechanical features may provide locating mounts on the MEMS component for the ball lens, SOA and lensed fibre, thus stabilizing the assembly mechanically and improving cooling. Second, the substrate may be removed in the region occupied by the expanded beam, allowing the S303 beam to strike the grating centrally without obstruction and improving feedback.
Improvements may also be made to the electromechanical design, following methods previously proposed to increase the travel of electrostatic comb drives [26] [27] [28] . Firstly, a skewed elastic suspension may be used to increase mechanical stability. Secondly, the substrate may be removed from beneath the comb drives, eliminating the electrostatic interaction of the moving fingers with the substrate. Thirdly, feedback control may be used to reduce the likelihood of snap-down near the end of the travel range. Improvements of this type have already allowed displacements of up to 150 µm from comb drive devices [27] . Work is continuing on these aspects.
Conclusions
Deep reactive ion etching of bonded silicon on insulator provides a simple method of combining blazed gratings, elastic suspensions and actuators in tuning elements for external cavity lasers. Because performance is mainly determined by layout, there is scope for complex actuator design, and we have shown that electrostatic instability in a previous device may be eliminated using a remote actuator stabilized against rotation and a flexible link to the grating suspension. The principle has been verified by interferometric measurement of electrostatic and electrothermal drives. External cavity lasers with modified MEMS tuning elements have been demonstrated. Performance is currently limited by the relatively shallow, coarse gratings that may be fabricated by deep reactive ion etching, and by mechanical instability in the experimental arrangement.
